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Abstract. We have investigated electrical transport through the molecular 
model systems benzenedithiol, benzenediamine, hexanedithiol and hexanediamine. 
Conductance histograms under different experimental conditions indicate that 
measurements using mechanically controllable break junctions in vacuum are limited 
by the surface density of molecules at the contact. Hexanedithiol histograms typically 
exhibit a broad peak around 7T0~ 4 Go- In contrast to recent results on scanning 
tunneling microscope (STM)-based break junctions in solution we find that the spread 
in single-molecule conductance is not reduced by amino anchoring groups. Histograms 
of hexanediamine exhibit a wide peak around 4-10~ 4 Go- For both benzenedithiol and 
benzenediamine we observe a large variability in low-bias conductance. We attribute 
these features to the slow breaking of the lithographic mechanically controllable break 
junctions and the absence of a solvent that may enable molecular readsorption after 
bond breaking. Nevertheless, we have been able to acquire reproducible current-voltage 
characteristics of benzenediamine and benzenedithiol using a statistical measurement 
approach. Benzenedithiol measurements yield a conductance gap of about 0.9 V at 
room temperature and 0.6 V at 77 K. In contrast, the current-voltage characteristics 
of benzenediamine-junctions typically display conductance gaps of about 0.9 V at both 
temperatures. 



PACS numbers: 72.80.-r, 73.40.-c, 73.63.-b, 73.63.Rt, 81.07.-b 
for final version see: New Journal of Physics 10 (2008), 065008. 



1. Introduction 



Since the first measurements of the current-voltage (IV) characteristics of a ben- 
zenedithiol molecule pQ, research in single- molecule electronics has progressed rapidly. 
Today, numerous techniques based on nanolithography and scanning probe instruments 
allow for studies of the electrical properties of single molecules [2J El HI El El IE] • Never- 
theless, the field of molecular electronics is far from maturity. The influence of chemical 
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structure and anchoring on the electrical characteristics of single molecules remains a 
fascinating and largely unexplored area of research. 

The low-bias conductance of organic molecules is mostly investigated with the break 
junction method. Here, a metallic contact is repeatedly broken and re-established in 
the presence of the molecules of interest. This principle builds on the assumption that 
molecules binding to the metal surfaces will, with some finite probability, form a con- 
ducting bridge between both electrodes after cleaving the last metal-to-metal contact. 
Stable conductance values during the stretching of the junctions are hence attributed 
to single-molecule contacts. 

To date, most break junction measurements have been carried out in solution using 
scanning probe instruments. Although this appears to be a very suitable environment 
for studying single-molecule properties, it also imposes an important limit on the ex- 
periments: The temperature range is restricted to a few tens of degrees. 
Mechanically controllable break junctions (MCBJs) do not suffer from this restriction. 
They can easily be operated down to cryogenic temperatures in a vacuum environment. 
Furthermore, the electrode separation in these devices exhibits exceptional stability 
across the entire temperature range [2]. This is mainly due to the working principle of 
MCBJs, in which the bending of a flexible substrate is translated into the stretching 
of a metal wire on the device surface. The ratio of these displacements can be as low 
as 10~ 5 for lithographic devices, giving rise to sub-Angstrom control of the electrode 
separation |9J. However, this so-called displacement ratio also limits the measurement 
speed of lithographic MCBJs. They are usually broken at not more than 1 nm/s [TUlfTT] . 
STM break junctions, in contrast, can be operated at maximum breaking speeds of more 
than 100 nm/s. 

This seemingly technical difference can have large consequences for break junction ex- 
periments. The importance of stretching speed for the lifetime of single-molecule junc- 
tions has only recently been appreciated [T2J, [13] . Experimental results suggest that the 
breaking mechanism of metal-molecule bonds changes from a force-dominated one at fast 
stretching to spontaneous breakdown at low speeds. Furthermore, the chemical nature 
of the bond is of large importance for the lifetime of single-molecule junctions [T3l [14]. 
Accordingly, the statistical weight of molecular conductance steps as compared to the 
experimental signature of vacuum tunnelling will strongly depend on both the breaking 
speed of the junction and the molecular anchoring group. 

In break junction experiments at room temperature, molecular contacts are mostly 
formed in a solution of the species of interest. For low-temperature measurements, 
however, one has to apply different schemes of molecule deposition. Small molecules 
like hydrogen can be condensed from the vapour phase [15]. In contrast, the applica- 
tion of larger molecules usually requires a solution phase before sample mounting and 
cool-down. Common approaches for molecule deposition range from the drop-casting of 
dilute solutions on open junctions [H [HI EE E] to the formation of a (sub-)monolayer 
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with subsequent rinsing [T8"l [TP"] . The latter method avoids complications due to the 
crystallization and oligomerization [20] of thiols on the open junction. We have adapted 
this method to experiments with lithographic MCBJs using benzene and hexane with 
thiol and amino end groups. 

Alkanedithiols are prototype systems for the study of single-molecule electronic 
properties. This is due to their comparatively simple chemical structure. Their anchor- 
ing to metals is achieved through thiol groups (SH), which have been studied since the 
earliest stage of molecular electronics [20]. This is largely due to the well-developed 
chemistry of thiol self-assembly, which guarantees a dense coverage of both flat and 
rough gold surfaces [211 1221 [23]. Thiols are expected to bind to three sites on the 
Au(lll) surface, the so-called top, hollow and bridge site [18]. Metal point contacts, 
which exhibit a larger roughness, might even allow for more degrees of freedom in bind- 
ing and conformation |21j . The chemical versatility of the gold-sulfur bond can, in fact, 
have detrimental consequences for their electronic properties. Simulations suggest that 
individual configurations exhibit varying electronic properties both in terms of the elec- 
tronic coupling and the Fermi-level alignment [24" l 1251 126] . Experimental observations 
on a molecule as simple as hexanedithiol support this result. Literature data display a 
spread over more than two orders of magnitude in conductance and range from 2-10 -5 
to 2-10" 3 G E3 M, ESI M, M\- Here, G = 2e 2 /h, the quantum of conductance. 
Likewise, studies of the prototypical 7r-conjugated benzenedithiol have yielded low-bias 
conductances between 5-KT 5 and MO -1 G PH EH E2j [33] . 

Only recently, a succesful attempt to reduce this ambiguity has been reported. By 
changing from thiol to amino (NH2) anchoring groups, Venkataraman et al [34] were 
able to reduce the spread of molecular conductance in STM-based break junctions in 
solution considerably. Amines have been used only scarcely in the functionalization of 
metal surfaces, and their bond to gold is weaker than that of thiols [33, [36l E7] . Simula- 
tions suggest that the ability to extract single gold atoms from solid surfaces, which has 
been reported for thiols, is not present in amines [38]. Their well-defined conductance 
may be due to the preferential binding to surface adatoms. This motif not only limits 
the possible adsorption geometries, but its coupling is also relatively independent of 
bond rotation and tilt angle [38], [39] . 

We have tested the applicability of the thiol and amino anchoring scheme in 
lithographic mechanically controllable break junctions in vacuum. The model systems 
used in these experiments were 1,6-hexanedithiol (HDT), 1,6-hexanediamine (HDA), 
1,4-benzenedithiol (BDT), and 1,4-benzenediamine (BDA). Finally, we have measured 
IV characteristics for the two benzene derivatives. Whilst two measurements of stable 
IV characteristics of BDT have been reported [U [TTj . we do not know of any such 
experiments on BDA to date. 
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2. Experimental details 

2.1. Fabrication of MCBJs 

Phosphorous bronze wafers (50 mm x 50 mm x 0.3 mm) were polished and cleaned by 
ultrasonication in acetone and isopropanol (IPA). After the application of an adhesion 
promoter (VM651, HD Microsystems) the wafers were spin-coated with a commercial 
polyimide precursor solution (PI2610, HD Microsystems). We cured the film in a vacuum 
oven at a maximum temperature of 300° C in order to fully crosslink the precursor and 
expel remaining solvent. The thickness of the resulting polyimide layer was around 
3 /im, sufficient for electrical isolation of the break junction devices from the metallic 
substrate. 

For the subsequent electron-beam lithography step the wafers were spin-coated with a 
double layer of resist (320 nm of (methylmethacrylate (8.5) methacrylic acid) copolymer, 
followed by 110 nm of polymethylmethacrylate (PMMA) 950k). The resists were spin- 
coated from ethyl-L-lactate and anisole, respectively (Microchem). Both layers were 
baked out for 15 min at 175°C. We then defined 10 devices on a wafer with 4 break 
junctions in each device using a Leica electron-beam pattern generator. In each junction 
two contact wires narrow down into a thin bridge, which is 100 nm wide and 200 nm 
long. Lithography was carried out at an acceleration voltage of 100 kV. After exposure 
we developed the patterns in a mixture of methyl-isobutyl-ketone and IPA (1:3) for 90 s. 
We then deposited 1 nm of Cr and 80 nm of Au in an electron beam evaporator at a base 
pressure of 10 -7 mbar. The evaporation rates were 0.5 A/s and 1.0 A/s, respectively. 
After lift-off in hot acetone and a rinsing step in IPA we protected the fully processed 
wafers with a 500 nm thick layer of PMMA 350k. The individual break junction devices 
were obtained later by laser-cutting and removing the protection layer (see below). 

2.2. Preparation of molecular solutions 

Shortly before each measurement we prepared a fresh solution of the molecules of 
interest in toluene. All glassware used during the preparation procedure was initially 
cleaned by ultrasonication in fuming nitric acid, followed by ultrasonication in deionized 
water. After drying, the glassware was ultrasonicated once more in pure toluene (high 
performance liquid cromatography (HPLC) grade, Aldrich). We then bubbled toluene 
with nitrogen for at least 30 min in order to expel dissolved oxygen from the solvent 
and increase the reproducibility of the self-assembly process [21 j . BDA, HDT, HDA 
were used as received from Aldrich. BDT was obtained from Tokyo Chemical Industry 
(TCI). The concentration of all solutions was around 1 mmol/1. 

2.3. Sample preparation 

In the first step of the preparation, we removed the protection layer of the individual 
devices by immersion in hot acetone, followed by immersion in hot IPA. The devices 
were then etched in a Leybold RF plasma etcher using a mixture of CF4 and O2 gas (flow 
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Figure 1. Scanning electron micrograph of a typical lithographic MCBJ sample. The 
micrograph displays three out of a total of four junctions, which break independently 
during bending. 

rate ratio 1:4, pressure 0.3 mbar, RF power 20 W). This results in a nearly isotropic etch 
profile with a suspended electrode length of about 2 /xm (see figure 1). Immediately after 
etching we dipped the devices into fresh ethanol (Baker, 99.9%) to reduce possible gold 
oxide on the surface [10] . Gold oxide can be encapsulated under alkanethiol monolayers 
and reduce the reproducibility of self-assembly processes [301 HI]- Immediately before 
the controlled monolayer formation each sample was rinsed in pure toluene and blown 
dry in a flow of nitrogen gas. We then placed a small drop of the molecular solution 
on the area of the junctions and left the devices in a toluene-saturated atmosphere for 
1 minute. After self-assembly, the devices were rinsed thoroughly in toluene and blown 
dry with nitrogen. 

2.4- Measurements 

We mounted the MCBJs into a home-made vacuum insert equipped with a mechanical 
feedthrough. Before measurement, the setup was evacuated to a base pressure of 
10 -5 mbar. A brushless DC servo motor was used to actuate the three-point bending 
mechanism of the MCBJ, which was based on a differential screw with a pitch of 250 /im 
per turn. 

All MCBJ measurements were automated using the Labview software package. We 
measured low-bias conductance histograms at a DC bias of 50 mV. In order to break 
and re-establish the nanoscale contact (further referred to as breaking and making) 
the flexible MCBJ substrates were bent at an actuator speed of 2 /im/s. We used the 
conductance as a control parameter for this process. Thus, the junctions were cycled 
between the open and the fused state, given by conductances below 1-10 -5 and above a 
few Gq, respectively. Real-time analysis of the conductance allowed for motion reversal 
in less than a millisecond. In order to ensure complete opening of the junction the 
substrate was automatically deflected by another 50 /im after the conductance had 
crossed the lower limit. A home-built logarithmic /^-converter with a temperature- 
drift compensation was used to measure the current during bending, covering a range 
from less than 50 pA to more than 1 mA. Pointwise calibration with standard resistors 
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ranging from 100 Ohm to 1 GOhm ensured the accuracy of this conversion, similar to 
experiments reported by He et al [33J. 

We carried out the IV measurements on benzene derivatives in a statistical scheme 
similar to the one introduced by Lortscher et al The MCBJs were bent in discrete 
steps of 0.5 to 0.7 /im. At each position, we first determined the low-bias conductance at 
25 mV and then acquired 3 to 4 IV traces. We chose to measure the TV characteristics 
in the bias interval from -1.2 to 1.2 V, starting from V. The junction currents were 
measured using a linear IV converter at 10 6 V/A, which resulted in sub-nA resolution. 
Furthermore, this setting limited the maximum current to 4 \xK. During the systematic 
IV measurements the low-bias conductance at 25 mV was used as a control parameter 
for the substrate bending. Thus, the maximum junction conductance during making 
was limited to 2.1 Go- 

3. Results and discussion 

3.1. Optimization of measurement parameters 

Typical breaking traces of lithographic MCBJs in vacuum are presented in figure 2(a). 
As the junctions are stretched, their conductance decreases from several Go to a value 
below the noise floor of our setup. During this process, the conductance does not evolve 
continuously, but it exhibits sudden jumps and plateaus. In junctions exposed to clean 
toluene the last pronounced plateau repeatedly occurs around 1 Go- It is well estab- 
lished that this value corresponds to a single gold atom bridging the gap between the 
electrodes [12] • Upon further stretching, the conductance of the clean junctions de- 
creases roughly exponentially with occasional jumps and fluctuations. In Au MCBJs, 
the observation of a plateau at the quantum of conductance is relatively robust and 
independent of measurement parameters. It is also present in devices that have been 
exposed to molecular solutions. In addition, many of the breaking traces on these junc- 
tions display steps of varying length and height below 1 Go- The conductance at these 
plateaus can exhibit significant fluctuations both at room temperature and at 77 K. 

Due to microscopic variations in the contact geometry and the evolution of the con- 
ductance a large number of breaking traces has to be acquired and analyzed statistically. 
This can be achieved by means of conductance histograms |43j. Individually sampled 
data points from trace measurements serve as the smallest possible elements in the con- 
struction of these histograms. The entire conductance range is split into short intervals, 
so-called conductance bins. Each time a particular conductance value is recorded the 
number of counts in the respective bin is increased. In the final histogram, the largest 
number of counts indicates the most stable junction configuration. 
We constructed histograms from 300 subsequent breaking traces of individual junctions 
without any further data selection. We would like to note that this approach differs from 
most other experiments. Often, only traces displaying plateaus are used to construct 
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Figure 2. Breaking characteristics of MCB Js exposed to clean toluene and to solutions 
of hexanedithiol. The junctions were broken at a bias of 50 mV. (a) Typical breaking 
traces, (b) Conductance histograms for different temperatures and fusing depths. Each 
histogram was constructed from 300 subsequent breaking curves of one junction using 
42 bins per decade. Curves are offset by 40 ms/trace for clarity. 



histograms. We have chosen to include all breaking data for two reasons. First, we are 
interested in the influence of measurement parameters on the behaviour of the junctions 
- a selection of traces might prevent us from drawing valid conclusions. Secondly, we 
think that conductance noise and jumps are typical of molecular junctions. Traces ex- 
hibiting these features should be included in the statistical analysis. 
We analyzed all breaking data using logarithmically spaced conductance bins [ID] . This 
allows us to display the junction conductance over a much wider range than in the widely 
established linear representation. In addition, conductance plateaus lead to sharper fea- 
tures when using logarithmic histograms. We normalized the counts in all bins to an 
equivalent of milliseconds per trace in order to prevent sampling rates from affecting 
the histograms. This allows for comparisons across different experimental platforms and 
illustrates the time scales of the breaking process. 

The breaking histogram of a typical junction exposed to pure toluene is presented 
in figure 2(b). In contrast to previous results on lithographic MCBJs in solution [10J, we 
systematically observe detectable counts across the entire range below 1 G? . The counts 
are distributed rather uniformly, so that there are no indications for preferred conduc- 
tance values. This uniform distribution can be rationalized by investigating the breaking 
traces. When compared to other data, particularly from STM measurements [30, 34], 
the traces measured in our MCBJs exhibit a much less pronounced conductance drop 
after the 1 6? plateau. Besides, we repeatedly record fluctuations in the regime of vac- 
uum tunnelling. 
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We believe that impurities from the solvent can be excluded as a possible cause of 
this difference. First, control experiments on samples not exposed to any solvent did 
not lead to a reduction of counts below 1 G . Furthermore, we fused devices exposed 
to toluene to conductances of more than 40 Go to create fresh breaking surfaces. Also 
in this case, the background signal in the tunnelling regime could not be reduced. 
We think that the uniform distribution of histogram counts below 1 Go must rather be 
related to the small indentation and the slow breaking of our lithographic MCBJs. Both 
may have an influence on the micromechanics of their contact area and their breaking 
behaviour. The speed of contact separation in our junctions is on the order of 60 pm/s, 
which is by a factor of 20 slower than in the experiment reported by Gonzalez et al [10J, 
and by more than 2 orders of magnitude below typical breaking speeds in STM [13] . 
During fast breaking of Au MCBJs, the contact separation usually increases sponta- 
neously after cleaving the last gold-gold bond. This can either be due to the relaxation 
of atomic chains [B] or due to the release of mechanical stress in the banks [45J. In 
histograms, such a spontaneous opening leads to a depletion in counts in the high tun- 
nelling regime. In slow measurements at room-temperature, thermal fluctuations may 
reduce the probability of forming chains significantly. Furthermore, the gentle deforma- 
tion of our lithographic MCBJs may prevent mechanical stress in the banks, leading to 
a more uniform tunneling signal in the breaking histogram. The slow breaking speed 
may also explain the comparatively small and broad peak at 1 Go in our measure- 
ments. Thermal fluctuations can limit the lifetime and the statistical signature of the 
last gold-gold bond. The observed histogram peak height of 40 ms per trace is on the 
order of the natural lifetime of the gold-gold point contact obtained by Huang et al [13J. 

We have systematically studied the importance of the measurement parameters on 
histograms of the model system hexanedithiol. The fusing depth of the HDT-covered 
junctions in histogram measurements turned out to be a crucial parameter for the de- 
tection of molecular features. At room temperature, fusing the MCBJs to 40 Go, i.e. to 
about 50% of their conductance after fabrication, did not result in a significant increase 
of the histogram counts below 1 Go as compared to junctions exposed to clean toluene 
(see figure 2). A target conductance of a few Go, in contrast, led to increasing difficul- 
ties in closing the junctions to high conductances after less than 100 cycles (not shown). 
Fusing the MCBJs to 20 Go eventually enabled us to carry out reliable histogram mea- 
surements comprising hundreds of breaking curves. 

A histogram obtained with these parameters is presented in the centre of figure 2(b). 
Compared to the data on clean toluene, the HDT histogram displays a pronounced peak 
around 7-10~ 4 Go- It indicates a higher probability of measuring this conductance value 
in breaking traces, which is usually attributed to the formation of metal-molecule-metal 
junctions (for a more detailed discussion see the following section). At 77 K, in contrast, 
fusing the MCBJs to 20 Go completely suppresses any peaks in the histograms. A target 
conductance of 3 G , corresponding to a few atoms only, again leads to signatures of 
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Figure 3. Conductance histograms of MCBJs exposed to clean toluene and junctions 
containing hexanedithiol and hexanediamine. Each of the histograms was constructed 
from 300 subsequent breaking curves of one junction without any further data selection. 
The statistics were carried out using 42 bins/decade. The inset shows examples of the 
conductance traces measured during breaking. 

the formation of molecular junctions, represented by a broad peak around 4-1CT 4 Go- 

These observations suggest that single-molecule measurements in vacuum may be 
limited by the surface density and diffusion of thiols. Whilst insufficient fusing leads 
to a too dense coverage of the electrodes and prevents them from being fused after a 
number of cycles, deep indentation reduces the probability of creating single-molecule 
contacts almost completely. 

3.2. Conductance histograms of model systems 

We have used the optimized parameters discussed above in histogram measurements 
of the molecular model systems hexanedithiol, hexanediamine, benzenedithiol and ben- 
zenediamine at room temperature. The junctions were cycled between the open state 
and 20 Go i n order to increase the chance of trapping molecules during breaking. 
Figure 3 presents histograms obtained on the substituted alkanes, hexanedithiol and 
hexanediamine. Histograms obtained for HDT at room temperature displayed a broad 
peak around 7-10~ 4 G . Depending on the experiment, peaks below this value could 
also be observed. The histogram in figure 3, for example, contains a series of smaller 
peaks around 3-l(T 5 , 7-l(T 5 , 1.5-i(T 4 G . 

The presence of more than one peak is not unusual - STM-based experiments on HDT 
in solution have yielded two peaks at 3TCT 4 and 1-10" 3 Go [3 lj . Similar measure- 
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ments in vacuum even showed 3 different conductance regimes at 3-10 -5 , 2-10 -4 , and 
3T0~ 3 Go [18] . The conductance observed in our measurement falls well within this 
range, but there is not a close agreement with one previously published dataset. 
Recent theoretical and experimental results shed more light on this difference. In gen- 
eral, the presence of several peaks can be attributed to different molecular conformations 
or varying contact geometries. Series of peaks corresponding to integer multiples of a 
basic conductance are sometimes associated with junctions containing several molecules 
in parallel. Furthermore, density functional theory (DFT)-based simulations and deli- 
cate STM-based experiments have indicated that different core and contact geometries 
of alkanedithiols may give rise to a conductance spread over 2 decades. Li et al attribute 
most of this spread to conformational changes in the alkane units [19J. This effect can be 
of foremost importance in the case of sparse monolayers, where a large degree of steric 
freedom is given. The molecular concentrations and self-assembly times in our work are 
comparable to those of Li et al |19j . who reported a mixture of high and low-coverage 
phases. 

Surprisingly, HDA exhibits a considerably smaller and broader peak than HDT. 
The conductance of about 4-10~ 4 Go is in reasonable agreement with previous reports 
on HDA, which indicate conductances of 1.2-10 -4 and 3-10~ 4 Go [31, 34|. However, 
the large peak width is in strong contrast to the results obtained by Venkataraman et 
al , who observed a reduction in spread of the conductance of amines with respect to 
thiols [3I|. 

We believe that this difference is due to the different experimental parameters. Recent 
STM experiments at varying breaking speeds in solution suggest that bond re-formation 
after desorption can increase the lifetime of single- molecule junctions [13]. This effect 
may be suppressed in the absence of a stabilizing solvent and at a sparse surface cover- 
age. Furthermore, simulations and experiments on amine junctions have indicated that 
these break faster upon stretching than thiols [T4"l [38] . In fact, the Au-S bond is even 
more stable than the Au-Au bond itself, allowing for the deformation of gold electrodes 
during pulling [16]. In the case of a measurement limited by the lifetime of a bond, the 
signature of amines in histograms will be much smaller than the one of thiols. This could 
be crucial in lithographic MCBJs, which are broken at a very slow speed. The resulting 
long traces in the vacuum-tunnelling regime lead to an enhanced histogram background 
below 1 Go, which may obscure the signature of molecular conductance steps. 

In histograms of MCBJs exposed to benzenedithiol (see figure 4), the entire conduc- 
tance regime below 1 G displayed enhanced counts. The exact probability distribution 
also showed variation between different experiments. Above an enhanced background 
of counts, small peaks in the region between 0.1 and 1 Go and just above 1-10~ 3 Go 
are visible. Overall, these are much less pronounced than the ones observed in the his- 
tograms of HDT. 

The previously reported peak at 0.011 G [U] is not evident in our data. Nevertheless, 
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Figure 4. Conductance histograms of MCBJs exposed to pure toluene and junctions 
containing benzenedithiol and benzenediamine. Data from 300 subsequent breaking 
curves were used to construct each histogram with a bin size of 42 bins/decade. The 
inset shows examples of breaking curves of the junctions. 

the high conductances are in the range of previous data from MCBJ measurements [32J, 
and the small peak around 1-10 -3 Go agrees with recent results from STM measure- 
ments [HO]- However, the broad distribution of junction conductances clearly dominates 
the histogram. A similar spread in conductance values has been observed by Ulrich et 
al [30]. It was attributed to geometrical variations in the metal- molecule junctions. We 
think that both the binding motif of the thiol groups and possible interactions between 
the benzene core and the gold electrodes contribute to the variation in our data. In the 
absence of a stabilizing solvent, even junction configurations with a molecule lying flat 
on the gold surface are conceivable. Due to the interaction of 7r-orbitals with the elec- 
trodes their electronic coupling could differ considerably from that of upright molecules, 
leading to different conductance values. 

Similar to the measurements on the hexane derivatives, the use of amino anchoring 
groups did not lead to clearer peaks in the histogram measurements of benzenediamine 
(see figure 4). In its conductance histogram the region below a few 10 -3 Go exhibits 
increased counts, but it misses a pronounced peak structure. This is different from 
previous data obtained in solution [34] . but in agreement with our measurements on 
HDA. Again, the absence of a solvent and a fast rupture of the metal-molecule bond 
must have reduced the probability of forming stable molecular junctions, which are a 
prerequisite for pronounced peaks in the histograms. 
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3.3. IV measurements on benzene derivatives 

During the stepwise breaking and making of MCBJs exposed to benzenedithiol and 
benzenediamine we repeatedly observed series of reproducible IV curves that displayed 
a low conductance around zero bias and a step-like increase in current at higher bias 
voltages. Within these series, which typically lasted for a few micrometers of bending, 
both the shape and the current level of the IV characteristics remained similar. 
An example of such a series of reproducible current- voltage characteristics is presented 
in figure 5(a). For a large contact separation, the junction exhibits rather smooth IVs 
with low currents. As the electrodes approach in discrete steps, the measurement yields 
a group of IV curves that barely change upon pushing. They are marked by a distinct 
nonlinearity, i.e. a suppression of the junction current in the bias window from -0.3 V 
to 0.2 V. After several steps in the making of the junction, this series ends and a second 
group of non-linear characteristics is measured, again exhibiting a current suppression 
around zero bias. Current levels in this series are considerably larger than in the first 
one, and the conductance gap differs slightly. Upon moving the electrodes closer to- 
gether, the gap structure is lost. Instead, smooth IV curves with high current levels 
are measured. These high-conductance curves saturate around 4 /iA (not shown in the 
graph), corresponding to the compliance of the measurement electronics. It is important 
to note that the conductance of these junctions is below 1 Go and their characteristics 
are slightly superlinear. Only after fusing the MCBJ further a contact with a conduc- 
tance above 1 Go is formed. 

Control experiments on MCBJs exposed to pure toluene did not show reproducible TV- 
characteristics with step-like increases in current. The low-bias conductance of these 
junctions evolved rather steadily in the interval from less than 5 ■ 10~ 6 Go to 2.1 Go- An 
example of this evolution is given in figure 5(b). As the junction is fused, the maximum 
current in the smooth IV characteristics slowly increases from the nA-range to about 
4 fiA. 

The observation of reproducible, non-linear IVs during the making of MCBJs ex- 
posed to organic molecules agrees well with recent statistical IV measurements by 
Lortscher et al In their experiments, three different regimes of transport were 

identified: conduction through vacuum (described by smooth tunnelling characteristics 
with low currents), transport through a single molecule (marked by highly non-linear 
IV characteristics), and a fused metal-metal connection (with an ohmic bias response). 
The transition between these regimes was very abrupt, with signatures of single-molecule 
junctions appearing exclusively during the making of the MCBJ. In our MCBJs, in con- 
trast, reproducible, non-linear IVs could be measured both during breaking and making. 
Furthermore, the transition between the different regimes was less systematic and less 
pronounced. 

Both differences may be related to our method of molecule deposition. Whilst 
Lortscher et al [H] applied BDT to open junctions, we carried out the self-assembly 
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Figure 5. Consecutive IV traces obtained during the stepwise closing of lithographic 
MCBJs at room temperature. The change in electrode distance between the steps was 
on the order of 15 pm. The arrows mark the time-evolution of the characteristics, 
(a) Consecutive IVs obtained during the closing of a junction exposed to BDA in 
toluene. Groups of non-linear characteristics can be observed, (b) Smooth IV curves 
typical of junctions exposed to clean toluene. The current increases rather steadily 
with decreasing gap size, (c) A Fowler-Nordheim plot of the curves for BDA. (d) 
A Fowler-Nordheim plot of the IV characteristics for clean toluene. Both plots do 
not show the characteristic decrease of I/V 2 with l/V expected for Fowler-Nordheim 
tunneling. Curve shapes in (d) agree with the Simmons model for tunnelling. 



before breaking. This may lead to different adsorption geometries and surface densities 
of the molecular (sub-) monolayer in the contact area, and possibly a larger variation in 
the probed metal-molecule-metal junctions. 

It is important to note that the IV characteristics of junctions exposed to BDT and 
BDA were not always symmetric. Generally, the presence of asymmetric IVs agrees 
with previous reports on single- molecule measurements (TTJ [T7] . Within the series of 
reproducible TV characteristics the asymmetry did not change significantly, nor did the 
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Figure 6. Typical IV characteristics (solid lines) of MCBJs exposed to benzenedithiol 
and benzenediamine. The differential conductance dl/dV (dotted lines) was calculated 
by numerically smoothing and differentiating the measurement data. The left side 
displays IV characteristics that remained stable during the stretching of junctions 
containing BDT at (a) room temperature and (c) 77 K. The right graphs contain 
typical IV traces of MCBJs containing BDA at (b) room temperature and (d) 77 K. 



overall current level. Therefore, the asymmetric IVs may be attributed to two dissimilar 
metal- molecule bonds rather than to a molecule chemisorbed to a single electrode only. 
In the latter case the electronic coupling to the other electrode would be characterized 
by vacuum tunneling, leading to highly stretching-dependent IV characteristics. 

We have analyzed data from hundreds of IV measurements on MCBJs exposed to 
benzenedithiol and benzenediamine and identified series of reproducible characteristics. 
Figure 6 presents typical IV characteristics obtained on several junctions at room tem- 
perature and at 77 K together with their respective numerical dl/dV spectra. At room 
temperature, junctions containing benzenedithiol repeatedly displayed conductance gaps 
at low bias. Three examples of such characteristics are presented in figure 6(a). In this 
set, the black curve represents a junction with a conductance gap of 2A C = 1.0 V, framed 
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by two peaks at -0.5 and +0.5 V in the numerical dl/dV spectrum. This gap size is 
close to the average value in our measurements, which was around 0.9 V. However, A c 
showed considerable variation between different IV series, ranging from 0.3 V to 0.8 V. 
Furthermore, the junction characteristics were not always symmetric. In the graph, this 
variation is exemplified by the green and the red curves. 

The non-linear IV characteristics observed at 77 K differ from the ones at room tem- 
perature. Measurements typically yielded smaller conductance gaps on the order of 
2A C = 0.6 V, similar to the black and green characteristics in figure 6(c). Occasionally, 
larger gaps and different current levels could be observed. With two dl/dV peaks lo- 
cated around ±0.5 V the red IV curve in the graph illustrates this variation. 

The BDT characteristics presented in figure 6 are markedly different from the ones 
reported by Reed et al [T]. In our measurements, the differential conductance beyond 
the first peak in dl/dV is by one order of magnitude larger. Futhermore, the gap sizes 
in figure 6(a) and (c) are by a factor of 2.5 smaller than the ones in reference pQ. Our 
room-temperature results are, however, in good agreement with more recent data of 
Lortscher et al [TT]. At 250 K, these authors reported reproducible TV characteristics 
with an average 2A C on the order of 0.9 V. In the same study, they obtained a con- 
ductance gap of about 0.6 V at 77 K, again in good agreement with the average value 
in our measurements. However, the wide gap indicated in figure 6(c) differs from the 
results in reference 

The presence of varying IV characteristics in single-molecule measurements may be re- 
lated to changes in electronic coupling or band offset [HJ H9]. Computational transport 
studies on BDT junctions have yielded a variation in the position of the electronic levels 
of the molecule by more than 1 eV [381 SSI EH [51] . Furthermore, it has been suggested 
that single-molecule transport is influenced by the stretching of the molecule [52], the 
non-equilibrium situation established by finite bias voltages [ST] , and the adsorption 
motif of the thiol [38J. However, the quantitative agreement between theoretical and 
experimental data is generally too limited for a detailed comparison. 

Interestingly, the junctions formed in our experiments appear to be more stable 
than the ones reported earlier. Lortscher et al [H] were only able to establish stable 
metal-BDT-metal junctions at temperatures of 250 K and below. In our experiments, 
reproducible characteristics could even be measured at room temperature. Further- 
more, the junction currents we observed were by a factor of more than 10 larger. Whilst 
the similarity in conductance gaps suggests a comparable band lineup of the BDT, the 
current and stability data support a larger metal-molecule coupling compared to the 
experiments of Lortscher et al |11| . Regarding the variability of the conductance ob- 
served in the histogram measurements on BDT, the signature of many possible junction 
configurations in IV measurements is not surprising. 

Measurements on benzenediamine at room temperature revealed conductance gaps 
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on the order of 0.9 V. Typical IV curves are presented in figure 6 (b) and (d). The gaps 
show a spread similar to the one in BDT junctions. In contrast to BDT, the gap sizes 
for BDA at 77 K are not systematically smaller than the ones at room temperature. 
To date, simulations of the electrical properties of benzenediamine junctions are 
scarce. In a recent theoretical study motivated by the STM-based measurements 
in reference [31], Quek et al [39] calculated the transmission spectrum of various 
configurations of BDA between gold electrodes. Their simulations yield an energy 
difference of 3 eV between the gold Fermi level and the highest occupied molecular 
orbital (HOMO) of the BDA. In a second study of BDA in gold break junctions, the 
first molecular level was located at about 1.5 eV from the Fermi energy [38]. The 
observation of a conductance gap around 0.9 V supports a very different band lineup 
in our experiments. However, a direct comparison with the results by Venkataraman et 
al [3lj and with calculations should be made with histograms are recorded at 

low bias. Therefore, they may probe other configurations than the ones that are stable 
over the wide voltage range required for taking IV curves. Moreover, the position of 
the energy level in the calculations may not be interpreted directly in terms of the gap 
in IV as levels can shift under the influence of the applied bias. 

4. Conclusions 

We have studied the electronic properties of single prototypical molecules using 
lithographic MCBJs in vacuum. Hexane and benzene with thiol and amino anchoring 
groups were applied using a self-assembly scheme before breaking. 
Histogram measurements of HDT with different parameters suggest that the resulting 
concentration of molecules in the junction is low and governed by surface diffusion. 
Using fusing depths of 20 Go al room temperature and 3 Go at 77 K, it was possible to 
reliably measure single-molecule conductance. 

In contrast to recent STM-based experiments in solution [31], the exchange of thiol for 
amino anchoring groups did not reduce the spread in molecular conductance, neither 
for hexane nor for benzene cores. Supposedly, the slow breaking and the absence of 
a surrounding solvent are detrimental for the measurement of conductance histograms. 
Recent theoretical and experimental data suggest that the amine bond breaks fast under 
applied stress. Thiols, in contrast, are able to maintain contact upon stretching of the 
junctions. At low surface coverage and in the absence of bond-reformation, as in MCB J 
experiments in vacuum, the lifetime of metal-molecule bond may be the determining 
factor in conductance measurements. In the case of short-lived junctions and slow 
breaking, histograms will then be dominated by a uniform background from vacuum 
tunnelling. 

Nevertheless, junctions of benzenedithiol and benzenediamine displayed series of 
reproducible, non-linear IV characteristics during stepwise bending. In contrast to 
recent BDT measurements by Lortscher et al [TTJ, which were limited to a maximum 
temperature of 250 K, we were able to measure stable IVs at 300 K. The observed 
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conductance gaps of BDT-j unctions were largely in agreement with their results. 
However, a larger spread in gap sizes and a difference in junction currents indicate the 
probing of several metal-molecule-metal configurations. The obtained IV characteristics 
of BDA-j unctions at room temperature and at 77 K also displayed some variation, but 
no systematic difference in conductance gaps at room temperature and 77 K. 
Our experiments have implications for single-molecule measurements in vacuum. When 
using lithographic MCBJs the experimental parameters are of large importance to 
ensure the contacting of single molecules. Furthermore, histogram measurements may 
be limited by the low surface concentration of molecules and the lifetime of the molecular 
bond. Similar to histograms, IV measurements can exhibit considerable variation due to 
the probing of different junction geometries. These results may serve as a guide for future 
experimental procedures aimed at low-temperature single-molecule characterization. 
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